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T

wo-dimensional (2D) superconductivity is a topic of growing
interest in contemporary condensed matter physics. Early
experimental work in this field used granular thin films to study
phase transitions to insulating normal states driven by weakened
superfluid rigidity in the ultrathin film regime. Recent experimental
progress (1–12) in epitaxial growth of uniform 2D superconductors
whose properties are largely intrinsic has opened up new possibilities for the design of superconducting systems with specific
desirable physical properties. Indeed, these almost ideal 2D
systems have yielded (6, 12, 13) surprisingly robust superconductivity in films that are only one or two atomic layers thick, and
very recently the observation of an astonishingly high Tc in singlelayer FeSe on SrTiO3 (14–17). In addition, because 2D superconductors must be placed on a substrate, they necessarily have broken
inversion symmetry and Rashba-type spin–orbit interactions that
break the spin degeneracy of quasiparticle levels in the normal
state, and enable the possibility of achieving topological (18–21)
superconducting states.
Here, we investigate the superconducting properties of strong
spin–orbit coupling 2D superconductors using epitaxially grown,
ultrathin Pb films on Si. By establishing that the superfluid rigidity vanishes at essentially the same Tc when measured on
different length scales, from atomic to macroscopic (greater than
millimeter), we demonstrate the uniformity of the superconductivity in our films and obtain highly reliable quantitative superfluid density (SFD) values. We then perform magneto-transport
measurements in parallel fields, which clearly establish that the
Clogston–Chandrasekhar (CC) limit does not apply to our films.
Superconductivity at Zeeman fields well in excess of the superconducting energy gap can be understood only as a consequence of
strong spin–orbit coupling that produces spin splitting in the normalstate energy bands that is much larger than the superconductingstate energy gap.
www.pnas.org/cgi/doi/10.1073/pnas.1611967113

Results and Discussion
Fig. 1A shows scanning tunneling microscope (STM) images of a
5.0-monolayer (ML) (1.43 nm) film acquired at two different
sample locations that are about 2 mm apart. The image in the
Inset shows triangular pits covering about 1% of the surface area.
These pits are five atomic layers deep, exposing very small wetting layer regions. The main STM image acquired at a location
about 2 mm away shows that a further 1% of the surface is
covered with additional 2D islands that are 2 ML thick. These
observations affirm the thickness uniformity of the 5.0-ML film.
Scanning tunneling spectroscopy (STS) is used to measure the
superconducting gap as a function of temperature (Fig. 1B).
Bardeen–Cooper–Schrieffer (BCS)-like tunneling spectra with
sharp coherence peaks at the quasiparticle band edges are clearly
seen at 2.14 K. As the temperature is raised, the gap and the
coherence peaks decrease. For the spectrum acquired at 6.57 K,
the tunneling gap completely disappears, although a smooth but
weak depression can be seen between ±10 mV. As reported
previously, the weak-suppression feature persists at temperatures
significantly above Tc (22, 23). The estimated superconducting gap
values, Δ, are plotted as a function of T in Fig. 1C (red triangles).
If we use data points with Δ > 0.5 meV, the BCS fit yields a Tc
of ∼5.9 K. However, we note that a small superconducting gap
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We report on a study of epitaxially grown ultrathin Pb films that
are only a few atoms thick and have parallel critical magnetic
fields much higher than the expected limit set by the interaction of
electron spins with a magnetic field, that is, the Clogston–Chandrasekhar limit. The epitaxial thin films are classified as dirty-limit
superconductors because their mean-free paths, which are limited
by surface scattering, are smaller than their superconducting coherence lengths. The uniformity of superconductivity in these thin films is
established by comparing scanning tunneling spectroscopy, scanning
superconducting quantum interference device (SQUID) magnetometry, double-coil mutual inductance, and magneto-transport, data that
provide average superfluid rigidity on length scales covering the
range from microscopic to macroscopic. We argue that the survival
of superconductivity at Zeeman energies much larger than the superconducting gap can be understood only as the consequence of strong
spin–orbit coupling that, together with substrate-induced inversionsymmetry breaking, produces spin splitting in the normal-state energy bands that is much larger than the superconductor’s energy gap.

Downloaded at TROY H MIDDLETON LIBRARY on October 15, 2021

10514 | www.pnas.org/cgi/doi/10.1073/pnas.1611967113

ðZcÞ2 d
pﬃﬃﬃ 2 2 ,
16 π e λ ð0Þ

where d is the film thickness, that is much larger than the measured critical temperature. For example, when λ−2 ð0Þ = 5/μm2
and d = 1.43 nm, we obtain V0 =kB ∼ 80 K  Tc. Although the
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persists above this Tc value, which can also be seen directly in the
original tunneling spectra shown in Fig. 1B. This deviation from the
smooth BCS fit has been reproduced with different tips and different 5-ML films. We note that, in a recent STM investigation of
3D Pb nanodots (24), a similar break from the smooth BCS fit has
also been observed. In the 2D ultrathin film case reported here,
however, the temperature region where the deviation is observed is
rather narrow. This intriguing phenomenon warrants further investigation, but is outside the scope of the current paper.
After capping this 5-ML film with 3 nm of amorphous Ge in the
molecular beam epitaxy (MBE) system, the film is removed for
macroscopic and mesoscopic measurements using ex situ doublecoil measurements (millimeter scale) and scanning superconducting quantum interference device (SQUID) magnetometry
(SSM) (micrometer scale). Both techniques measure the mutual
inductance between two coils from which the penetration depth is
deduced. In Fig. 2A, we show the atomic force microscope (AFM)
image of the measured capped film. The corresponding STM
image, measured in a similar area before capping, is shown as the
Inset to Fig. 1A. Note that, in this region, the coverage is about 1%
deficient as revealed by STM. This morphology is replicated after
Ge capping, reflecting the atomic smoothness of Ge capping film.
We emphasize that the quality of Ge capping is extremely important to obtain reliable ex situ superconductivity measurements.
Less uniform Ge capping (judged by a rougher surface in the
AFM image) disrupts the integrity of the ultrathin Pb film, leading
to significant suppression (or total loss) of superconductivity.
In double-coil measurements, it is conventional to express
ns(T) in terms of the magnetic penetration depth, λ, because
ns(T) ∝ 1=λ2 ðTÞ. The T dependence of λ−2 (Fig. 2B) is unusual in
that there is a long steep drop to zero at Tc that will be discussed
elsewhere. Here, we want to emphasize that Tc is about 5.75 K,
whether it is defined from the peak in σ 1 (Methods) or from the

V0 =

Suscepbility (

Fig. 1. STS measurement of superconductivity of a 5-ML Pb film. (A) STM images of a 5-ML MBE-grown Pb(111) film on a Si(111) substrate acquired at two
different locations that are 2 mm apart, showing that the uniformity of the film
coverage is about ±1%. (B) STS measured at different sample temperatures.
(C) Two sets of superconducting gap values as a function of temperature were
taken at different locations on the same sample with different tips, respectively.
Each superconducting gap value was obtained by fitting the normalized differential conductance to the BCS theory density of states. Two BCS fits are shown as
solid lines with red curve labeling the fit using only data points with Δ > 0.5 meV
(Tc = 5.9 K) and the light blue curve fit including all small gap data points.

intersection of the Berezinskii–Kosterlitz–Thouless (BKT) theory
(25, 26) line ðλ−2 = 8πμ0 kB T=dΦ20 Þ with the data. Here, μ0 is the
magnetic permeability of vacuum, d is the film thickness, Φ0 is the
superconducting flux quantum, and kB is the Boltzmann constant.
The Tc value is very close to the value determined by using STS, a
local probe, confirming that the gap and phase rigidity are consistent
across the millimeter-scale breadth of our films. (If the phase rigidity
is large compared with the gap, the transition temperature is determined by the gap. However, when the phase rigidity is similar to
gap, phase fluctuations play a large role in superconductivity. Indeed,
in this regime the superconducting properties cannot be adequately
described by mean-field-theory. A detailed description of the relation between gap and phase rigidity can be found in ref. 27.) The
robustness of phase rigidity is further confirmed by the sharp transition observed in the transport study discussed below. The SFD
value observed in this 5-ML film is only ∼5/μm2, about 130 times
lower than the SFD of bulk Pb in the clean limit, ∼650/μm2. [The
canonical penetration depth in pure bulk Pb is λ0 = 39 nm (28).] A
reduction of about this size is expected because normal state resistivity
and perpendicular critical field measurements (see below) show
that the elastic mean free path (mfp) ℓ in our films is about equal to
the film thickness, and is therefore about 60 times shorter than the
canonical bulk coherence length in Pb, ξ ∼ 80 nm (28). In “dirty”
superconductors, the SFD is reduced by ℓ/ξ. We note, however, that
the diameter of the coils used in this measurement is comparable to
the width of our samples (about 3 mm) and that geometrical effects
might therefore lead to a slight underestimate of the SFD.
However, even the reduced SFD implies a phase rigidity energy scale (27)
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Fig. 2. Ex situ double-coil and scanning-SQUID measurements of a Ge-capped
5-ML Pb film. (A) AFM image of 5-ML Pb film after Ge capping (3 nm).
(B) Temperature-dependent SFD measured on the Ge-capped sample at a frequency of 50 kHz (black) using double-coil measurements. The red curve is the
real part of the film complex conductivity and the intersection between “BKT
line” and SFD curve predicts BKT transition temperature. (C) Susceptometry
image at T = 4.2 K in a magnetic field less than 0.3 μT using scanning-SQUID.
(D) SQUID susceptibility measurements as a function of the height of the SQUID
sensor. The touchdown position is of 16 μm, marked by an arrow. The solid line
is a fit of data to an SQUID susceptibility expression for a uniform, thin diamagnetic sample, using the Pearl length Λ as a fitting parameter.
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Fig. 3. Transport measurements at H = 0 on Ge-capped thin Pb films. (A) R–T
of 5-ML Pb film with a clean superconducting transition at T = 5.75 K and a low
normal-state sheet resistance of ∼100 Ω (<<h/4e2). (B) Normal-state sheet resistances following 1/d2 dependence, where d is the film thickness. (C) The mfp
showing a linear dependence on d.

SFD is reduced, we expect phase rigidity to survive up to close to
the mean-field transition temperature, as confirmed by the similar Tc observed between STS and double-coil measurements.
To investigate superconducting properties at a mesoscopic length
scale, the same sample (5-ML epitaxial Pb film capped with 3-nm
Ge) was probed using SSM with a pickup loop 3 μm in diameter, and
a field coil with an effective radius of a = 8.4 μm. Fig. 2C shows the
variation in SQUID susceptibility, phase sensitively sensing the
magnetic flux through the pickup loop due to a 98-μA amplitude ac
current through the field coil. This image was acquired at a tipsample separation of 2 μm at T = 4.2 K. Almost constant susceptibility reflects uniform superconductivity on the whole sample area,
except for black dots (∼8 dots per 100 μm × 100 μm).
Fig. 2D shows the susceptibility touchdown at T = 4.2 K. The
dots are the data acquired as a function of the height, z, of the tip
above the film, and the solid line is a fit to the SQUID susceptibility expression for a thin diamagnetic film from which a Pearl
length Λ of ∼110 μm is obtained (details described in Methods). If
we assume uniform film thickness, the Pearl length is directly related to the SFD measured using the double-coil experiment using
Λ = 2λ2 =d. Taking d = 1.43 nm, a SFD of 13/μm2 at 4.2 K is
obtained, compared with 4.5/μm2, the double-coil measurement
value at this temperature. The factor of 2–3 difference is partially
explained by the finite-sample size effect in the double-coil measurement mentioned above. From the temperature dependence of
1=Λ, one can estimate again that Tc is somewhere between 5.5 K
and 6 K (SI Appendix, Fig. S3). If a SFD of 13/μm2 is used, then the
phase rigidity is even higher with V0 =kB ∼ 210 K.
We emphasize that these three measurements probe superconductivity on dramatically different length scales, spanning
seven orders of magnitude from angstroms to millimeters. All
give consistent values for Tc, attesting to the superconducting
phase rigidity across the entire area of ultrathin superconducting
films that are only a few atoms thick. The measured SFDs are
also rather consistent at different length scales (micrometer for
SSM and millimeter for double coils).
Fig. 3A plots resistance vs. temperature (R–T) for a 5-ML
Ge-capped film. A very sharp superconducting transition is
observed at 5.75 K, close to the Tc values inferred from the
STM and SFD measurements described above. The sharpness
of the transition contrasts markedly with the behavior reported
for nonuniform ultrathin superconducting films that have much
lower areal superfluid densities, allowing phase fluctuation
physics to broaden the resistive transition. The normal-state sheet
resistance Rs is ∼105 Ω, which is two orders of magnitude lower than
the quantum resistance h=4e2 ≈ 6.5 kΩ, confirming that quantum
Nam et al.

fluctuations do not have a large influence on the transition temperature (27). From the sheet resistance and the free-electron
model (29), one can estimate a carrier relaxation time of 1.9 fs
[τ = ð0.22=Rs dÞðrs =a0 Þ3 × 10−14 μΩ · cm · s] and a mfp of 3.2 nm
[ℓ = ð1=Rs dÞðrs =a0 Þ2 × 9.2 μΩ · cm · nm], roughly twice the film thickness. Here, rs =a0 = 2.3 for Pb, where rs is the effective radius of a
sphere whose volume is equal to the volume per conduction electron, and a0 is Bohr radius (29). A corroborating estimate of mfp
comes from the perpendicular critical field, Hc⊥ ð2KÞ = 1.56 T and
0.63 T for 5- and 13-ML films (Fig. 4 C and D), interpreted using
the pair breaking theory of Maki and Tinkham (details described in
SI Appendix, section 3), and an experimental Fermi velocity vF of
1.0 × 106 m/s (30). (Note, the experimental vF from ref. 30 was used
for more practical estimation of mfp, instead of the ideal vF induced
from electron density of a material in free-electron model). This
method yields mfp values of 0.8 nm and 2.4 nm, respectively, again
comparable to film thickness. Moreover, measurements at different
thicknesses show that the sheet resistance roughly scales as 1/d2
(Fig. 3B), implying that the mfp scales linearly with d (Fig. 3C). This
indicates that surface scattering dominates normal-state transport.
This scaling behavior has been observed in other epitaxial thin films
that are free of grain boundary scattering.
Fig. 4A illustrates the resistive transition of the 5-ML film as a
function of parallel magnetic field. Most interestingly, Tc changes
only slightly even at a parallel magnetic field of 9 T, the highest
field we studied. Because Tc decreases roughly linearly with field
(SI Appendix, Fig. S4), we extrapolate to a zero-temperature critical
field in the range of 50 T. Pair breaking due to the Zeeman energy
in the low-spin–orbit scattering regime is predicted to be linear
pﬃﬃﬃ in
H (31) and to extrapolate to a T = 0 critical field of Δ=ð 2 μΒ Þ.
Using Δ = 1.23 meV from Fig. 1C, we obtain a critical Zeeman
field of about 15 T. Clearly, the Zeeman effect is greatly reduced,
and we argue below that it is reduced by strong spin–orbit scattering, which make the Zeeman pair-breaking effect quadratic in
field. The observed linear reduction in Tc with magnetic field might
be due to substrate surface steps, which make it impossible to
achieve perfect parallel alignment globally and therefore to fully
eliminate the strong orbital coupling effect associated with perpendicular components of the magnetic field.
Field angle-dependent R vs. H measurements at a constant temperature of 2 K have also been carried out (Fig. 4 C and D). Note
that the critical field gradually increases as the angle is decreased.
Below 6°, the critical field could not be reached at the maximum
magnetic field (9 T) of our measurement system. In the case of the
13-ML film, which has a perpendicular critical field of 0.63 T, the
critical field at 2° is estimated to be ∼10.25 T. Using the Tinkham
equation (32) to fit Hc ðθÞ requires data points at small angles that
are available only for the 13-ML film. The fit yields Hck of ∼16 T at
2 K for the 13-ML film (Fig. 4E). We note that, for θ > 10°, the
critical field at 5 ML is about 2.5 times higher than that of the 13-ML
sample, allowing us to estimate that Hck ∼ at least 40 T at 2 K for the
5-ML film, which greatly exceeds the CC limit of 15 T.
Experimentally, this behavior is consistent with a picture that
the pair breaking is dominated by the orbital effect. Let us consider the pair-breaking orbital effect, in parallel field αo =
ðZ=6ÞðDπ 2 =Φ20 ÞHk2 d2, and in perpendicular field this becomes
αo = ðZDπ=Φ0 ÞHc⊥, where D is the diffusion coefficient, Φ0 is the
quantum flux, and d is the film thickness. Provided that the orbital
effect is the only contribution to the pair breaking, there is a
simple relationship between Hck and Hc⊥ as follows:
Hc⊥ =

π d2 2
H .
6 Φ0 ck

Using this expression and the measured Hc⊥ ð2 KÞ of 1.56 and
0.63 T for 5 ML and 13 ML, we derive Hck ð2 KÞ of 54.9 and 13.6 T,
respectively, values very close to the angular fit using Tinkham
PNAS | September 20, 2016 | vol. 113 | no. 38 | 10515
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Fig. 4. Magnetotransport measurements. (A and B) R–T measurements as a function of magnetic field in parallel geometry for 5-ML film (A) and 13-ML film
(B), respectively. (C and D) Angular-dependent R–H measurement at T = 2 K for 5-ML film (C) and 13-ML film (D), respectively. (E) Angle-dependent critical
field Hc(θ), for 5-ML (blue) and for 13-ML (red) films. Tinkham formula fit (black) to 13-ML data at T = 2 K indicates a parallel critical field of Hck = 16 T.

formula. Thus, experimentally, we establish that in this ultrathin
film system, the pair breaking is primarily orbital effect even in
the field strength far exceeding CC limit.
The extraordinarily high parallel critical field is due to the
large atomic spin–orbit coupling of Pb and to broken inversion
symmetry at the film surface. The effects of spin–orbit splitting of
the quasiparticle bands can be qualitatively understood by considering a 2D electron gas model with Rashba spin–orbit coupling and s-wave superconductivity pairing (33). In the limit that
the spin–orbit splitting energy is large, Eso  Z=τ  Δ, the
conduction band splits into Rashba subbands and the spin direction is locked to the momentum direction. It follows that spinindependent scattering between different band momenta will
suppress normal state spin-polarization and therefore the pairbreaking effects of an external Zeeman field. Indeed, in the
strong spin–orbit coupling limit, the Zeeman pair-breaking parameter αs = 2ðμB HÞ2 τ=Z (ref. 34 and SI Appendix, section 6)
gives
a critical field exceeding the CC limit by a factor of
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1= 2Δð0Þτ=Z ∼12 for the 5-ML film (τ ∼ 1.9 fs estimated from
transport measurements in the normal state of the Pb films), a
value consistent with the experimental observation.
It is normally assumed that, in ultrathin superconducting
films with a thickness d that is much smaller than the coherence
length ξ, the orbital pair-breaking effect of the parallel field
(αo = e2 v2F d2 H 2 τ=18Z) is quenched and the spin pair-breaking
effect is dominant. However, in the present system, the spin pairbreaking effect is so strongly suppressed by the spin–orbit coupling
and impurity scattering, that even for our 5-ML film the spin effect αs is smaller than the orbital effect αo by a factor of ∼50. In
other words, the theoretical critical parallel field is completely
dominated by the orbital rather than the spin pair-breaking
channel, and is estimated to be about 56 T for the 5-ML film.
The quenching of the spin degrees of freedom in strong spin–
orbit coupling systems makes them poor candidates for observance of the Fulde–Ferrell–Larkin–Ovchinnikov phase (35, 36).
Another very interesting aspect of our observations is the increase with parallel magnetic field of the width in temperature of
the resistive superconducting transition. For the 5-ML film, the
transition width changes from 0.2 K at zero field, to about 0.85 K
at 9 T (from 10% to 90% of the normal-state resistance). For the
13-ML film, this broadening of the transition width is about 0.7 K
at 9 T. Measurements carried out on other thicknesses show
consistent behavior: the parallel critical field decreases as the
thickness increases, but the broadening of the transition width at
high field is also smaller. We can exclude the possibility that the
SFD is strongly reduced by the parallel field based on theoretical
10516 | www.pnas.org/cgi/doi/10.1073/pnas.1611967113

considerations, so the broadening is not due to enhanced phase
fluctuations (SI Appendix, section 7). We ascribe the broadening
instead to inhomogeneity due to the presence of substrate step
edges that lead to scattering time τ variation on a length scale ζ
which is much larger than the mfp. This type of inhomogeneity
does not influence Tc in the absence of magnetic fields (37), but
will lead to spatial variation of Tc when the field is nonzero, because both pair-breaking parameters, αs and αo, depend on τ. The
fact that the broadening is less pronounced in thicker films can also
be understood in this way because substrate steps will play a weaker
role. In this interpretation, the broadened transition width corresponds to a percolative superconducting-normal transition (38).
In summary, our work shows that MBE-grown ultrathin metallic
films can have superfluid densities that are large enough that phase
fluctuations have little effect on critical temperatures. Furthermore,
we find that two features that we expect to be rather common in
ultrathin metal films: (i) mfps that are limited to the film thickness by
scattering from the surface or the interface with the substrate, and
drive the superconductivity into the dirty limit; and (ii) strong spin–
orbit scattering because of broken inversion symmetry. Together,
these properties conspire to produce enormously large in-plane
critical magnetic fields. The giant critical magnetic fields, combined
with the superior crystalline quality and the strong spin–orbit coupling, make ultrathin Pb films an intriguing platform for tuning the
strength of time-reversal symmetry breaking in a superconducting
state, and realizing topological superconductors that are relevant for
quantum computation.
Methods
The ultrathin Pb films are grown using MBE on Si(111) substrates.
pﬃﬃﬃ pﬃﬃﬃBefore film
growth, the Si surface is prepared to create a dense-phase 3 × 7 Pb/Si(111)
reconstruction (39, 40) as the template. Epitaxial Pb(111) films are grown
using a two-step process described previously—low-temperature deposition
at 80 K, followed by room temperature annealing (41). The double-coil experiment determines the SFD, a measure of condensate rigidity in superconducting films, from the mutual inductance of coaxial coils located on
opposite sides of the sample film (10, 42). Basically, induced supercurrents
attenuate and shift the phase of the mutual inductance by an amount determined by the complex sheet conductivity, (σ 1 + iσ 2)d, of the film. The
areal density, ns(T)d, of superconducting electrons is proportional to σ 2d.
The frequency of ac current in the drive coil in our experiment was 50 kHz.
Coil diameters are typically about a millimeter, so the experiment probes at
the macro level. In Fig. 2D, the solid line is a fit to the SQUID susceptibility
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
expression for a thin diamagnetic film, ϕðzÞ=ϕs = ð−a=ΛÞð1 − 2z= 1 + 4z2 Þ,
ϕðzÞ ≡ ΦðzÞ=IΦ0, where ΦðzÞ is the flux through the pickup loop, I is the
current through the field coil, and z = z=a, using the Pearl length, Λ, as a fitting
parameter (43). Taking a = 8.4 μm, the sensor self-inductance ϕs = 800 1/A, and
Nam et al.

estimating a minimum height of the SQUID pickup loop above the sample
surface z0 = 2.5 μm, we obtain the Pearl length of ∼110 μm.
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